Abstract: This paper presents the design and fabrication procedure of a single-element omnidirectional piezoelectric ultrasound transducer, which can be utilized for under water communication. The transducer consists of a spherical silicon infiltrated silicon carbide (Si-SiC) body and is able to perform communication at 160 kHz with a Q factor of about 5.6 over a distance of more than one meter. The circumferential pressure amplitude of the beam pattern of the transducer varies less than 10 dB, which allows reliable communication between different transducers at an arbitrary orientation with respect to each other.
Introduction
The low attenuation of ultrasound signals in water, oil, human body, etc. makes it a promising alternative to electromagnetic wave communication. Therefore, ultrasound is commonly used in medical imaging and underwater communication [1] . Most of the available ultrasound transducers are based on a single element piezoelectric material producing a piston shaped actuation, although single crystal piezoelectric materials by means of array structure are utilized in medical imaging [2] . In both cases, the beam pattern of the transducer is directional. However, to cover the whole space, e.g., for 3D imaging or communication, we need very complex structures, such as mechanical rotary movement or a folded surface covered with an array of transducers, which are also limited to short distance application [3] .
We proposed a new type of transducer that generates ultrasound waves by the vibration of a mechanical structure, based on the piezoelectric phenomena, for omnidirectional long distance under water communication. This work describes the design, fabrication, and results of the proposed omnidirectional transducer. Under water measurement with a hydrophone and among two similar transducers are also presented. The transducer's fabrication is relatively cheap and it can be used in under water communication, localization, and range finding applications.
Materials and Methods

Design and Methodology
The transducer and its design architecture before integration is shown in Figure 1 . It consists of two Si-SiC hemisphere shells with a thickness of 1 mm, which works as the main generator of the ultrasound wave, two PZT elements (Physik Instrumente (PI) GmbH & Co, Karlsruhe, Germany) with a thickness of 1 mm, and one 0.2 mm stainless-steel layer. By the vibration of the piezoelectric elements, the ultrasound wave is transmitted through the Si-SiC shells and bring them to their resonance frequency. The stainless-steel layer separates the functionality of the two hemispheres by introducing a different acoustic impedance than the one of the PZT. In the case of using one PZT element without the steel layer, the acoustic power transmitted through the shells will be reduced to half.
To simplify the design procedure, we imitated the vibration of each hemisphere by a curved beam with constant curvature. The resonance frequency of such a curved beam is calculated by the following equation [4] :
where , ℎ, , Ω, are the Young's modulus, thickness, radius of curvature, frequency constant, and the density per unit of length of the shell, respectively. In order to keep the resonance frequency of the transducer in the range of a few hundred kHz to avoid acoustic power absorption by water at higher frequencies and to have enough space inside the transducer for electronics, the / ratio had to be increased. Therefore, Si-SiC was used as the material of the shell. SiC has a Young's modulus to density ratio of 1.11 × 10 8 -1.486 × 10 8 , depending on the production technique [5] . After diamond and boron carbide, SiC has the highest value of / among all ceramics.
Fabrication and Integration
Additive Manufacturing of Si-SiC Hemispheres
The Si-SiC hemispheres used in this work are produced by selective laser sintering, an additive manufacturing method, whereby a structure is built up in a layer by layer fashion starting from a powder bed [5] . The process consists in 4 steps. In a first step, 33 wt % Si and 67 wt % α-SiC powders are mixed until a homogeneous Si-SiC powder mixture is obtained. This powder serves as the base material for the laser sintering. The second step consists of laser sintering of the powder mixture. In order to avoid oxidation, the process is conducted under an inert Argon atmosphere. As the laser selectively scans the powder bed, the Si in the powder mixture locally melts and resolidifies to bind the SiC grains together. This results in a porous preform hemisphere that can be transformed into a fully dense Si-SiC part. This happens in the third step by means of liquid silicon infiltration (LSI). The LSI is performed in a vacuum of 0.1 mbar in a hot press furnace. During infiltration, the laser sintered hemispheres are placed in a graphite crucible together with Si powder. The furnace is heated at 50 °C/min up to 1500 °C and held for 15 min, before cooling down naturally to room temperature. The Si in the crucible melts and infiltrates the porosity in the laser sintered parts, resulting in fully dense Si-SiC hemispheres. Figure 2 shows a light microscopy image of the produced material's microstructure. The fourth and final step consists of finishing the hemispheres by grinding the bottom surface and make it ready for the integration with PZT and stainless-steel elements. This is done on an in-house built grinding/polishing station. Table 1 
. Assembly of the Transducer
The assembly is done in three steps. First, each hemisphere is coated by copper thin films by RF sputtering at 200 W and pressure of 4 × 10 −3 mbar for 20 min to increase its conductivity in order to use the shell as one of the electrodes. Second, the two piezoelectric PZT elements are attached together by a mixture of conductive CircuitWork CW2400 epoxy and medium viscosity Epotek 353ND epoxy, which are both cured at 100 °C. This is noticeably lower than the curie temperature of the PZT and does not damage the PZT element. Third, the PZT elements and the hemispheres are assembled together by Epotek 353ND and cured and hardened in an oven in ambient atmosphere while clamped together.
Results and Discussions
The functionality of the transducer has been measured in a 300 L deionized water tank equipped with a needle hydrophone (Precision Acoustics Ltd., Dorchester, UK). Figure 2a shows the FEM simulation and measurement of the normalized frequency response of the transducers, which is measured by a hydrophone placed in front of the transducer. The difference between the measurement and simulation is due to the manufacturing flaws, such as surface roughness in shell fabrication and misalignment in the assembly of the components. The first and second resonance frequency are at 160 kHz and 510 kHz respectively.
The other peaks at higher frequencies belong to more complex mode of vibrations. In order to measure the frequency response of two transducer in communication with each other, the hydrophone in previous experiment is replaced by a transducer. Figure 2(bI) shows the result of such a measurement. The only peak in the frequency response belongs to the first resonance mode (160 kHz). It is mainly due to the spherical shape of the transducer allowing only the first mode of vibration to be excited by the impact of a planar wave. By considering 160 kHz as the main working frequency and a 28.5 kHz measured bandwidth, the Q factor is 5.6. As shown in Figure 2(bII) , the spherical shape of the transducer proved that the circumferential pressure beam pattern varies less than 10 dB.
To demonstrate the time domain response of the communication between two transducers, two sinus pulses with 3 and 5 cycles respectively are exerted and responses are shown in Figure 3 
Conclusions
An omnidirectional ultrasound transducer was designed and fabricated by mean of two Si-SiC hemisphere shells, which are actuated by a single piezoelectric (PZT) element. The Si-SiC shells were fabricated by an additive manufacturing technique, namely selective laser sintering. All components were assembled utilizing two CircuitWork CW2400 and Epotek 353ND epoxies. The transducer was fully functional under water at its first resonance frequency (160 kHz) and has a circumferential pressure loss of maximum 10 dB. 
